Abstract: Noncovalent, weak interactions in the second coordination sphere of the copper active site of Pseudoazurin (PAz) from Achromobacter cycloclastes were examined using a series of Met16X variants. In this study, the differences in protein stability due to the changes in the nature of the 16th amino acid (Met, Phe, Val, Ile) were investigated by electrospray ionization mass spectrometry (ESI-MS) and far-UV circular dichroism (CD) as a result of acid denaturation. The percentage of native states (folded holo forms) of Met16Phe variants was estimated to be 75% at pH 2.9 although the wild-type (WT), Met16Val and Met16Ile PAz, became completely unfolded. The high stability under acidic conditions is correlated with the result of the active site being stabilized by the aromatic substitution of the Met16 residue. The p-p interaction in the second coordination sphere makes a significant contribution to the stability of active site and the protein matrix.
Introduction
The structure and function relationship is a key principle in biochemistry. Specifically, the function of a protein is based upon structural constraints and each protein has evolved to take advantage of them. As a well-known example, the cooperative oxygen binding of hemoglobin is facilitated not exclusively by the immediate environment of the heme, rather by the thousands of higher order coordination sphere interactions. 1 Analogously, the stabilization of protein conformations is due to the accumulation of several noncovalent weak interactions between amino acids. [2] [3] [4] The energetic contribution from p-p interactions, [5] [6] [7] [8] or hydrogen bonds, [9] [10] [11] [12] [13] are often <20 kJ mol 21 , and significantly weaker than the covalent bonds. 14 While the energy of these interactions is relatively small, it is nevertheless important considering that the free energy difference between the folded and unfolded form can be as low as 50 kJ mol 21 .
15-17
Blue copper proteins are mainly found in plants [18] [19] [20] [21] and bacteria. [22] [23] [24] The role of blue copper proteins serves a physiological function in the form of electron carriers in respiration and photosynthesis at the mononuclear redox active Cu 1/21 site. 25 Earlier work proposed that the properties of the Cu site are regulated not only by the direct coordination sphere, but also the outer-sphere of the metal site.
Accordingly, the increase of the reduction potential can be explained by the shielding of the Cu site by the protein environment from the solvent H 2 O molecules. 26, 27 Alternatively, the introduction of hydrophobic amino acid residues into the inner/outer coordination spheres was shown to also affect the Cu site's reduction potential. [28] [29] [30] [31] The hydrogen bond networks in the outersphere also influence the properties of the metal sites of proteins. [9] [10] [11] [12] [13] The critical role of the hydrogen bond networks surrounding the active site of blue copper protein has been demonstrated using mutation studies. 31, 32 For example, the deletion of two hydrogen bonds between Asn47 and Ser113 in Asn47Leu azurin results in the difference of reduction potential and protein folding. 9, 11 The framework of the hydrogen bond is also believed to provide the rigid coordination sphere of the Cu site under the entatic state concept 33 and the rack-induced bonding 34 hypotheses, which are often used to explain the electron transfer capability and the tuning reduction potential of blue copper proteins. Based on these hypotheses, a protein is rather inflexible and capable of forcing a metal ion to adopt a specific coordination geometry. 35, 36 The strain energy of the protein folding of oxidized azurin was estimated to be 52.2 kJ mol 21 . 37 The greater stability of PAz can be attributed to a large strain on the Cu 21 site as predicted based on entatic-state or rack-induced bonding theories. Despite that the concept of a rigid Cu site in the blue copper protein is widely accepted, there are some experimental and theoretical results that indicate the flexibility of the Cu site. [38] [39] [40] [41] Although the influences of hydrophobicity and hydrogen bond on the metalloprotein properties were well studied as mentioned above, the noncovalent weak interactions such as p-p interaction at the vicinity of metal site also contribute to the metal site of the metalloprotein in spite of the smaller stabilization energy. [5] [6] [7] [8] In the blue copper protein, the p-p stacking geometry between Cu-coordinating His90 and Phe12 in the second coordination sphere was found in the plastocyanin from Dryopteris crassirhizoma; furthermore, the p-p interaction prohibits the protonation of His90 in acidic conditions. 5 In addition, we have verified the significant effect of weak interactions on the geometric/electronic structure of blue copper active site using Met16 variants of pseudoazurin(PAz) from Achromobacter cycloclastes. Figure 1 illustrates the introduction of p-p interaction due to the structural difference between the WT and Met16Phe variants. The spectroscopic/ electrochemical properties of the Cu active site in Met16 variants of PAz show the dependence upon a type of introduced weak interaction at the second coordination sphere. [42] [43] [44] Because a number of studies have already demonstrated that the existence and oxidation state of metal cofactor perturbs the kinetics and pathway during a protein folding/ unfolding event, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] we can infer that the deviation of the electronic structure due to a weak interaction seems to affect the protein stability. The investigation of protein folding/unfolding in the Met16 variants of PAz should provide us the systematic understanding for both protein and metal site stability based on the weak interactions.
In this study, we took advantage of a relatively new technique, electrospray ionization mass spectrometry (ESI-MS), 55 to investigate the degree of the folding/unfolding of PAz in acidic conditions. The first analysis of ESI-MS on protein unfolding demonstrated multiple charge states corresponding to each folded/unfolded form in the denaturation of cytochrome c. 56 A second breakthrough occurred when it was discovered that the ESI-MS technique provides a gentle ionization process at sufficiently low energy when the noncovalently bound heme group in myoglobin remained attached to its protein site. 57 Taking advantage of these detection properties, the ESI-MS has been applied to probe both conformational change and binding/releasing the cofactor in various proteins. [58] [59] [60] [61] Recently, we reported the regulation of heme properties in cytochrome c 0 on the basis of structural information from ESI-MS. 62 The unfolding of azurin and amicyanin has been studied previously using ESI-MS. The observation of only the folded holo and unfolded apo forms (and the absence of either a folded apo or unfolded holo form) in ESI-MS led to the proposal of a two-state transition for the blue copper protein. 63, 64 The ESI-MS of PAz in the given study enabled us to identify the three states in the denaturation process and the higher stability of both the active site and the protein fold of the Met16Phe variant. These results were compared with far-UV CD spectra, and the previous results of CD and UV resonance Raman spectra for the WT PAz and the stability of inorganic ternary Cu 21 complexes.
Results and Discussion

ESI mass spectra of the WT PAz and Met16 variants
The ESI mass spectra were obtained for WT PAz and Met16 variants. The charge state profiles of ESI mass spectra of WT PAz recorded between pH 8.0 and pH 3.9 showed the same three charge states of 16, 17, and 18 with the dominant charge state being 17 [ Figure 2 While the 114 charge state illustrated in Figure  2 (C) was an indication of the unfolded form at pH 3.4, there was only a single peak at 930.8 Da/z, which corresponded to the unfolded apo form. Therefore, the solution of WT PAz at pH 3.4 contained "folded holo," "folded apo," and "unfolded apo" forms. The mass profile of WT PAz at pH 2.8 in Figure 2 (D) also had a peak at 13,017 Da, while in contrast the peak at 13,077 Da disappeared, suggesting that the dominant species at pH 2.8 were in apo form. Furthermore, the charge states at pH 2.8 indicated full unfolding; thus, WT PAz at pH 2.8 corresponded to the "unfolded apo" form. Figure 2 (E) shows the ESI mass spectra of WT PAz at pH 8.0 (reversed), which was recorded after lowering pH to 2.0 and then raising it to 8.0. The resulting distribution of charge states was similar to that of the distribution at pH 8.0 before denaturation, and the mass profile showed the peak at 13,078 Da, the identical molecular weight of the holo form. The protein molecule was refolded with uptake of the Cu ion on the basis of reversibility of mass spectra. The pH dependence of the ESI mass spectra of Met16Phe PAz is shown in Figure 3 . The charge states (18, 17, and 16) were found at pH 8.2, 4.0, 3.4, 2.9, and 8.7 (reversed) [ Fig. 3(A-D, F) ], and the charge states (116 to 19) were found at pH 3.4, 2.9, and 2.3 [ Fig. 3(C-E) ]. Although these charge states were identical to WT PAz, the details of their pH dependence showed a different trend with respect to the unfolding state and Cu dissociation. The charge state profiles of Met16Phe PAz recorded at pH 8.2 and 4.0 showed only the charge states 18, 17, and 16, while the corresponding mass profile indicated that the mass of Met16Phe PAz were 13,095 or 13,094 Da. Furthermore, the ESI mass spectra of Met16Phe PAz obtained at pH 3.4 [ Fig. 3(C) ] showed the presence of the higher charge states (116 to 19) with the relative intensities <10%. However, the mass of Met16Phe PAz was identical at this condition to the mass found at pH 8.2 and 4.0. Figure  3(D) shows ESI mass spectra of Met16Phe PAz at pH 2.9. The charge state profile at pH 2.9 demonstrated a slight increase in the relative intensity of higher charge states 116 to 19 compared with pH 3.4, but the dominant charge state was still 17, whereas the data for WT at similar pH was nearly completely unfolded. These results demonstrate that the protein unfolding was inhibited due to the substitution of Met16 for Phe. The observed masses of Met16Phe PAz at pH 2.9 [ Fig. 3(D) ] were 13,033 and 13,094 Da, which reflect approximately the mass difference between the apo and holo forms (ca. 60 Da, the mass of the Cu ion). The ESI mass spectrum of Met16Phe at pH 2.3 [ Fig. 3(E) ] showed that the lower charge states (18, 17, and 16) were minor components and the higher charge state (116 to 19) were the dominant ones, indicating that the protein was almost unfolded at this pH. The mass of the dominant species in Figure 3 (E) was 13,033 Da; therefore, the dominant conformation of Met16Phe at pH 2.3 corresponded to an "unfolded apo" form. The ESI mass spectrum at pH 8.7 (reversed) in Figure 3(F) was recorded after lowering the pH to 2.0 then raising it to 8.7. The ESI mass spectra at pH 8.7 (reversed) were identical to the spectra observed at pH 8.2, indicating that the protein refolding occurred reversibly.
Figures S1 and S2 in the Supporting Information summarize the ESI mass spectra of Met16Val and Met16Ile PAz during acidic denaturation, respectively. Both ESI mass spectra of Met16Val PAz at pH 8.3 (Supporting Information Fig. S1A ) and Met16Ile PAz at pH 8.3 (Supporting Information Fig. S2A ) only showed the charge states of 18, 17, and 16, which were consistent with the folded forms of WT and Met16Phe PAz. Upon lowering the pH to 4.0, the wider range of charge states from 116 to 19 emerged in the mass spectra (Supporting Information Figs. S1B and S2B), indicating the presence of a small fraction of the unfolded form. The dominant mass of Met16Val PAz at pH 4.0 was 13,046 Da, which was identical to the mass at pH 8.0; however, in Met16Ile PAz, the mass clearly indicated the existence of both holo and apo forms at the same pH condition. The ESI mass spectra of Met16Val and Met16Ile at pH 3.5 (Supporting Information Figs. S1C and S2C) showed that both charge states of 114 and 17 were dominant. We could explain that approximately half of Met16Val and Met16Ile PAz were unfolded unlike WT and Met16Phe PAz at a similar pH. Regarding the dissociation of the Cu ion, the mass of Met16Ile PAz (12,999 Da) demonstrated the apo form only, but the mass of Met16Val showed the presence of both holo (13,046 Da) and apo (12,985 Da) forms. The mass/charge ratio of charge state 17 of Met16Val PAz at pH 3.5 contained 1864.6 and 1855.8 Da/z corresponding to the folded holo form and the folded apo form, respectively. The measurements at pH 2.9 showed further dominance of the 114 state for Met16Val and Met16Ile PAz, suggesting that the protein molecules were being unfolded by more acidification. However, the significant intensity of the 17 state corresponding to the folded apo form was only observed in Met16Ile PAz at this pH. The refolding experiments at higher pH after full denaturation resulted in the ESI mass spectra shown in Supporting Information Figures  S1E and S2E , both of which suggest almost complete refolding of protein even in the case of the destabilization of Met16Val and Met16Ile PAz. The presence of the folded apo form after the refolding indicated that Cu rebinding did not occurs for Met16Ile PAz.
Far-UV CD spectroscopy
The far-UV CD spectra of WT, Met16Phe, Met16Val, and Met16Ile PAz are shown in Figure 4 . Far-UV CD spectroscopy is generally understood to reflect the secondary structure of a protein. The CD spectra at pH 6.0-6.2 (solid line) of all PAz proteins were very similar, indicating that the secondary structures were independent of Met16 substitution. This result is in agreement with previous findings 65 since the charge state profiles of the folded state in ESI mass spectra are similar. The large negative intensity at 200 nm and the reduced negative intensity at 230 nm were observed for Met16Val and Met16Ile PAz at pH 2.8. The intensities of these two CD bands for WT and Met16Phe PAz at pH 2.7 were slightly less than the intensity at pH 6.0. These can be attributed to the full unfolding of the secondary structure of Met16Val and Met16Ile PAz and the partial unfolding of WT PAz and Met16Phe PAz.
Folding-unfolding of PAz
The ESI mass spectra of WT PAz and Met16 variants at pH 8 had identical charge state manifolds of 16, 17, and 18. These results provided strong evidence that the overall fold of PAz is similar regardless of the substitution of Met16. In addition, this uniformity of protein conformation was also supported by the observation of identical secondary structures from the far-UV CD spectra of WT PAz and Met16 variants. The ESI mass spectra obtained for Met16 variants under the acidic conditions showed significant differences in the distribution of the charge states, expanding from the previous manifold of 16, 17, and 18 at neutral pH, to include 16 to 116. This was in keeping with the protein unfolding, and as such, occupying a larger volume with greater number amino acids exposed to protonation. Importantly, Met16Phe PAz was shown to be the most stable in given comparisons with significant retention of the folded charge state manifold even at pH 2.8. This was in stark contrast to complete unfolding of WT PAz and the other variants at pH 2.8-2.9. Therefore, the presence of Phe16 residue prevented the unfolding of protein conformation compared to other amino acids (Met, Ile, Val) in the second coordination sphere.
Although the far-UV CD spectra of proteins provided more qualitative information about gross changes in secondary structure 66 compared to quantitative analysis of the overall structure by ESI-MS, 55 ,56 the pair of CD and mass spectra for the Met16Phe variant were consistent with each other. The CD spectrum of Met16Phe PAz at pH 2.7 showed a similar pattern with the spectrum at pH 6.0. Thus, the secondary structure of Met16Phe PAz was also maintained at the acidic condition. The CD spectrum of Met16Ile and Met16Val variants at pH 2.8 demonstrated complete unfolding of the secondary structure, which was also consistent with the observation of the unfolded-form in ESI-MS at similar pH. Except for the WT PAz, there was a one-toone correlation between the totally unfolded protein CD spectra and the mass spectral data. For the WT PAz, the CD spectrum showed the retaining of the folded structure at pH 2.7, while the mass spectral data in Figure 2D were persuasive for complete unfolding and Cu dissociation. A similar discrepancy between ESI-MS and CD spectroscopy was reported for cytochrome c and was attributed to the reduction of a tertiary structure resulting in the appearance of the high-numbered charge states while maintaining secondary structure, which left the CD spectra little changed. 67 This interpretation could well be the reason for the WT PAz exhibiting a "folded-like" CD spectrum at low pH while exhibiting an "unfoldedlike" mass spectrum.
For quantitative interpretation of the folding/ unfolding and Cu association/dissociation of PAz in acidic pH condition, the peak intensity of charge states 17 and 114 in ESI mass spectra were used in order to estimate the quantity of the folded and unfolded species, respectively. Furthermore, the folded species showed two peaks from the apo and holo forms at the charge state 17. These intensities were individually used to quantify the generation of folded apo form and the remaining folded holo form. Supporting Information Figure S3 shows the abundance of the folded holo form, folded apo form and unfolded form at the different pH conditions used experimentally. All of these values were calculated based on the intensities of the 114 and 17 in the charge state profiles. The decreasing of the folded holo form (the native conformation) of Met16 variants upon lowering the pH (Supporting Information  Fig. S3A ) are clearly different from that of WT PAz as expected given the qualitative comparison above. The percent of folded holo form of Met16Phe PAz is much greater relative to the other variants near pH 3, 3.5, and 4, indicating that the structure of Met16-Phe PAz is stabilized over the entire pH range of measurements. Comparing the abundance of the folded holo form with respect to the structural difference of the second coordination sphere (Fig. 5 ) provides a clear picture that the introduction of p-p interaction in the Met16Phe variant stabilizes the native state of PAz. In contrast, the native form of the Met16Val and Met16Ile variants is obviously lower even at pH 4, suggesting less stability due to its replacement with aliphatic amino acid in the second coordination sphere. The percent of the folded apo and unfolded apo forms of WT PAz and Met16 variants at acidic pH conditions are clearly different (Supporting Information Fig. S3B and S3C) as well, and the lowest abundance of unfolded Met16Phe in acidic pH conditions again confirm the stabilization of the protein due to the presence of Phe16.
The estimated amounts of the folded apo form for each of the variants and the WT as a function of pH are shown in Supporting Information Figure  S3B . There was no indication of an unfolded holo form, and only folded holo, folded apo, and unfolded apo forms were found in the mass spectra. The lack of an unfolded holo form is in agreement with earlier findings. 68 The smaller amount of the folded apo form and larger amount of the folded holo form in the Met16Phe variant than in the WT indicate that the dissociation of the Cu 21 ion from the protein was reduced by the substitution of Met16 to Phe. The opposite was observed for Met16Ile PAz, where the dissociation of Cu 21 ion occurred rather than its coordination to the WT protein. It is also interesting that the subtle structural difference of the 16th side chain between Met16Val and Met16Ile can affect a fraction of the folded apo form. The reason for this difference is not clear; however, it is proven that only small differences in the 16th residue can affect the stability of the active site. Figure 6 shows possible acid denaturation pathways of PAz involving a protein unfolding step and a Cu 21 dissociation step. The pathway whose initial step is Cu 21 dissociation (pathway 1) was confirmed by the detection of the folded apo form in the ESI mass spectra. The pathway involving the unfolding of the protein as the initiating step (pathway 2) passed through the unfolded holo form. We found no evidence for the existence of the unfolded holo form of the protein in any of the mass spectra. Currently our evidence suggests that the plausible first step of denaturation of PAz is Cu dissociation. Protein unfolding may not be possible when Cu 21 is bound.
By providing further crosslinking to the protein's tertiary structure, Cu 21 is likely stabilizing the overall fold of the protein, which is in agreement with a finding that the binding of Cu 21 in azurin results in a greater stability than the binding of other small proteins without metal coordination. 37 The generation of the folded apo form as the initial step of acid denaturation is hindered in Met16Phe variants; thus, the Cu-loaded active site is stabilized by the weak interaction between Phe16 and Cu-coordinated His81 in the Met16Phe PAz. It is important to note that the measurements in this study were carried out in an equilibrium state; therefore, the folded holo form is not observable if it exists transiently. More precisely, kinetic analysis, such as stoppedflow ESI-MS, is required to rule out the existence of such a short-lived intermediate.
In the final step of the pH cycle, protein refolding of each variant was also examined. The native state of PAz was completely unfolded by acidic denaturation, and then the pH conditions of the protein solutions of PAz were adjusted at pH 8.0-8.7 in the presence of 1 equivalent of copper. The ESI mass spectra of WT PAz at the reverse of pH 8.0 has a dominant charge state of the folded holo form and no indication of an unfolded form or folded apo form. Therefore, the folding/unfolding of WT PAz is demonstrated to be fully reversible in a given experimental condition. The charge state profiles of Met16Phe (Fig. 3F) , Met16Val (Supporting Information Fig. S1E ), and Met16Ile (Supporting Information Fig. S2E ) PAz demonstrate that refolding of the protein structure occurred in the presence of Cu 21 as well. Despite the critical differences in the behavior of unfolding, the refolding seems to be reversible regardless of the 16th amino acid in the second coordination sphere. Only the ESI mass spectrum of Met16Ile PAz at the reversed pH 8.7 gives an indication of the folded apo form as a minor component while the unfolded form has clearly disappeared. The copper affinity of Met16Ile PAz is expected to be lower than the others; therefore, the mutation of Met16 may have an influence on metal uptake.
In the inorganic Cu(DA)(L-AA) model system studies, the p-p interaction between the diamine (DA) and the L-amino acids(L-AA) was demonstrated to have a stabilizing effect of the complex 
Conclusions
The ESI-MS and far-UV CD spectroscopy of the Met16 series of PAz revealed significant differences in the stability of the protein. The quantitative estimation of folded/unfolded and apo/holo conformers showed that the stabilization of protein folding and the active site in Met16Phe PAz is due to the p-p interactions between Phe16 and His81. Although the stabilization energy is small compared to other chemical interactions, the single noncovalent interaction has a significant impact on protein stability, especially in the second coordination sphere.
Materials and Methods
Protein expression and isolation
The WT and Met16 variants were expressed and purified according to previous studies. 43 The expressed PAz was purified using the ammonium sulfate precipitation method, ion-exchange chromatography (GE healthcare, CM-Sephadex), and sizeexclusion chromatography (GE healthcare, Superdex 200). The isolation of proteins was confirmed by SDS-PAGE, and the mass differences due to Met16 substitution to Phe, Val, and Ile were confirmed by MALDI TOF-MS (Bruker Daltonics, Autoflex). The copper content was determined by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) and by ESI-MS.
Electrospray ionization mass spectrometry (ESI-MS)
ESI-MS were measured on a Micromass LCT electrospray ionization time-of-flight (ESI-TOF) mass spectrometer (Waters Micromass) at room temperature (228C) using Mass Lynx version 4.0. The ESI-TOF instrument was calibrated with a solution of NaI. The scan conditions for the spectrometer were as follows: capillary, 3000.0 V; sample cone, 15.0 V; extraction cone, 10.0 V; RF lens, 450.0 V; desolvation temperature, 20.08C; source temperature, 80.08C. The m/z range was 500.0-3000.0; the scan mode was continuum, and the interscan delay was 0.10 s. Max Ent 1 from the Mass Lynx version 4.0 (Waters Micromass, Mississauga, ON) was used for the spectral reconstruction program. The concentrated PAz variants were applied onto an appropriate pH of 5 mM ammonium formate equilibrated G25 column to prepare for ESI-MS measurements.
Far-UV circular dichroism (CD) spectroscopy
The CD spectra were measured in the range between 190 and 260 nm on a JASCO J720 CD spectropolarimeter, and a cuvette with 2-mm path length was used for all samples. The number of accumulations was 3 and spectra were averaged for each PAz. The 10 mM ammonium formate buffer was used for the CD measurements.
